upregulated in traditional glioma lines, 4, 17 these cell lines are not the optimal models for GBM. 12 Recent reports have shown that GBM is a genetically heterogeneous tumor with different clinically relevant molecular subtypes. 8 We reported classification of GBM subtypes based on GBM stem-like cells (GSCs) that show highly efficient tumor initiation and therapeutic resistance, 34 and the utility of GSCs for discovering clinically relevant biomarkers. 20 An advantage of the GSC xenograft model is that it maintains the genotype and phenotype of a GBM obtained from a patient more closely than traditional glioma cell lines and is likely to yield more clinically relevant results. 12 Furthermore, even though collagen is implicated in gliomagenesis, direct visualization of collagen architecture in GBMs has not been previously reported. This is key, as direct spatial studies of collagen morphology have great promise to show how collagen organization might differ in GBMs and provide cues to possible tumor heterogeneity. Direct visualization of collagen in other cancers, such as breast cancer, has been performed and found useful as a prognostic signature. 6, 13, 21 Based on this, we hypothesized that collagen might also be a prognostic marker for GBM.
In this study, 2 independent techniques (Picrosirius red and second-harmonic generation [SHG] microscopy) were used to analyze GSC-derived xenografts. Picrosirius red is a widely accepted histological technique used to detect collagen with polarized light. 15, 24 SHG signal is generated when 2 photons of incident light interact with the noncentrosymmetric structure of collagen fibers, such that the resulting photons are half the wavelength of the incident photons. 22 SHG microscopy has been used for direct collagen visualization in other tumors 6, 22 and has the distinct advantages of nondestructive, high-speed intrinsic signature analysis (no stains needed) of thicker sections (improved optical sectioning). We show that GBM collagen can be directly visualized, and different collagen alignments are correlated with tumor invasiveness. This study also examined collagen's correlation with patient survival, establishing that patients with more organized GBM collagen survive longer than patients with less organized GBM collagen.
Methods

Ethics Statement
All procedures performed in studies involving human participants were in accordance with the ethical standards of the University of Wisconsin-Madison (UW) institutional review board and in compliance with the 1964 Helsinki declaration and its later amendments. Informed consent was obtained from all individual participants included in the study. All procedures performed in studies involving animals were in accordance with the ethical standards of UW.
Isolation of GSCs
GBM stem-like cells were isolated according to previously reported protocols with a few modifications. 5, 8 Tumor tissue was collected directly from the operating room, weighed, coarsely minced using a scalpel blade, and subsequently chopped twice at 200 mm using a tissue chopper (Sorvall TC-2 Smith-Farquahar). Chopped tissue was directly plated in suspension at 10 mg/ml in growth medium (passage medium: 70% DMEM-high glucose, 30% Ham's F12, 1× B27 supplement, 5 mg/ml heparin, penicillin-streptomycin-amphotericin, and 20 ng/ml each of epidermal growth factor and basic fibroblast growth factor). Cultures were passaged approximately every 7 to 10 days by tissue chopping twice at 200 mm. For these studies, we used 4 different GSC lines (12.1 GSC, 22 GSC, 44 GSC, and 107 GSC lines). Each cell line was validated for self-renewal by neurosphere formation, multipotency, and tumor initiation (see below) before experiments were performed. Establishing cell cultures came from cryopreservation of cell cultures ranging from passages 15 to 22. Cells used for experiments ranged from passages 20 to 25.
Orthotopic Glioblastoma Xenograft Model
GBM xenografts were initiated as previously described, 5 ,35 under a protocol approved by the UW Institutional Animal Care and Use Committee. Briefly, GBM GSCs were enzymatically dissociated to single cells, and 2 × 10 5 cells were suspended in 5 ml of phosphate-buffered saline. Using a Hamilton syringe, cells were stereotactically implanted into the right striatum of anesthetized nonobese diabetic severe combined immunodeficient (NOD SCID) mice at 0.33 ml/min at the following coordinates (with respect to bregma point): 0 mm anteroposterior, +2.5 mm mediolateral, and −3.5 mm dorsoventral. At least 3 mice were examined for each cell line. At either 3 months or onset of neurological symptoms, tumor formation was verified using MRI. Mice were anesthetized, underwent administration of contrast using 10 mmol/kg of intraperitoneal gadodiamide (Omniscan, GE Healthcare), and placed onto a small-animal MRI scanner (4.7-T horizontal bore imaging/spectroscopy system, Varian), and T1-and T2-weighted images were obtained. As per animal protocol, once MRI showed tumor xenograft growth or when neurological symptoms were observed, NOD SCID mice were immediately killed by perfusion fixation with 4% paraformaldehyde, even if the animals were asymptomatic. The brains were then excised, embedded in paraffin, and processed for general histology. Survival analysis was done using a log-rank test and presented as a Kaplan-Meier survival plot with the addition of hazard ratio analysis; p values < 0.05 were considered statistically significant. Plots were generated using GraphPad Prism 6.
Glioblastoma Tissue Microarray
With institutional review board approval, we created a clinically annotated GBM tissue microarray (TMA) from 205 GBMs resected between 1999 and 2009, archived in the UW Department of Pathology and Laboratory Medicine and clinical data accessed from UW patient records. One to three representative tissue punches/cores were obtained for each tumor sample depending on morphological heterogeneity and tissue availability. Neuropathologydesignated patient diagnosis and tissue punch location were determined based on the most representative section of the whole GBM specimen. Each additional tissue punch contained classic GBM features (nuclear atypia, high mi-totic indices, vascular endothelial proliferation, and/or necrosis). Grades II and III astrocytoma, Grade II oligodendroglioma, meningioma, hippocampus, and neocortex tissue punches were used as controls. Of the patients on the TMA, 149 have a recorded value for length of survival. Based on histological processing, 111 patient samples were used in SHG collagen analysis. Patients were divided into Group A and Group B based on fibrillar collagen appearance. Patients in Group A had collagen with a typical fibrillar appearance, whereas those in Group B had collagen that was atypical fibrillar and represented by a punctate or no collagen signal. In cases of multiple punches/cores for one tumor sample, at least one tissue punch showed fibrillar collagen to classify the patient into Group A. Survival analysis was done as described above. Multivariate analysis with Cox's regression model using SPSS was also performed, taking into account patient sex, age, Karnofsky Performance Scale (KPS) score, temozolomide treatment, radiation treatment, alcohol use, and tobacco use.
SHG Analysis
A custom multiphoton workstation at the UW Laboratory for Optical and Computational Instrumentation (LOCI) was used to image GBM tissue microarray slides with SHG microscopy using a TE300 inverted microscope (Nikon) equipped with a CFI Plan Fluor ×10 (numerical aperture = 0.5, Nikon) objective lens and a CFI Plan Apo ×20 (numerical aperture = 0.75, Nikon) objective lens and a mode-locked Ti:Sapphire laser (Mai Tai Deepsee, Spectra Physics). The excitation wavelength was tuned to 890 nm; a 445 ± 25-nm narrow bandpass emission filter (Semrock) was used to detect the SHG signal of collagen in the backscattered mode using an H7422P GaAsP photon counting PMT (Hamamatsu Photonics). Images of 1024 × 1024 pixels were acquired using WiscScan (LOCI, University of Wisconsin, Madison).
Masson's Trichrome Staining, Picrosirius Red Staining, and Immunohistochemistry
According to an approved animal protocol (University of Wisconsin Institutional Animal Care and Use Committee), NOD SCID mice whose brains were implanted with 200,000 GSCs from GSC lines 12.1, 22, 44, and 107 were euthanatized for paraffin embedding, and 5-mm-thick tissue sections were obtained in the UW Experimental Pathology Shared Service Translational Research Initiatives in Pathology (TRIP) laboratory. Masson's trichrome staining was performed by UW Carbone Cancer Center experimental pathology shared services on paraffin-embedded samples. For Picrosirius red staining, sections were deparaffinized in xylene and hydrated through decreasing grades of alcohol. These sections were incubated in 0.1% (wt/vol) Sirius red F3B (Bayer chemicals) in saturated Picric acid solution for 1 hour at room temperature and then rinsed with distilled water, and stained with Mayer's hematoxylin, followed by differentiation in 1% HCl, alkalinization with tap water, dehydration, and final mounting. Sections were then examined using circular polarized light. The same methods of staining were used for TMA slides. Immunohistochemistry was performed as previously described. 29 A human specific anti-NuMA antibody (ab36999, Abcam) was used at the concentrations of 1:200 on mouse xenograft slides.
Collagen Fiber Analysis
CT-FIRE analysis software was used as previously described to automatically extract collagen fibers and quantify fiber angle, fiber length, fiber straightness, and fiber width. 3 Images of the entire specimen of each tumor on the tissue microarray were used in this automated analysis to avoid observation bias. Picrosirius red images collected for 12.1 GSC-, 22 GSC-, 44 GSC-, and 107 GSC-derived xenografts were converted to 8-bit images by using FIJI ImageJ. 26 Images were processed to threshold values between 0 and 255. These images were uploaded to CT-FIRE, and collagen fiber extraction parameters were set to default values, except the thresh_im value = 30 and thresh_xlinkbox = 5. Extracted values for fiber angle, fiber length, fiber straightness, and fiber width were then binned based on relative frequency for GSC-derived xenografts. Mean values were calculated from the extracted values for focal versus invasive GBM xenografts and compared. The same method was used to calculate fiber angle, length, straightness, and width for the SHG collagen image used to determine correlation with patient survival; p values < 0.05 were considered statistically significant.
Results
GBM Collagen is Directly Visualized by Picrosirius Red and SHG Microscopy Better Than Masson's Trichrome
As an initial test to determine whether collagen could be directly visualized in GBM specimens, TMA sections were stained with Masson's trichrome and Picrosirius red. Picrosirius red is a widely accepted histological technique used to detect collagen with polarized light, whereas collagen may be missed by trichrome staining because it can be obscured by masses of other stained details. 15 Paraffinembedded sections were also examined with SHG microscopy as an independent analysis method. SHG microscopy has been shown to detect collagen in other tumors. 6, 21 Since large amounts of collagen have been shown to be present in the meninges, 16 meningioma specimens were chosen as a positive control. While Masson's trichrome was able to detect collagen, very little signal was apparent. In contrast, Picrosirius red and SHG microscopy provided clear detection of collagen that was not obscured by other stained tissues. Picrosirius red and SHG microscopy appeared to detect collagen equally (Fig. 1A) . Normal brain parenchyma has very low amounts of collagen, except around a few blood vessels, and was used as a negative control. Collagen in normal brain was not detected with Masson's trichrome. Very little collagen, only appearing around some small blood vessels, was detected using Picrosirius red and SHG microscopy (Fig. 1B) . Collagen was directly visualized with Masson's trichrome, Picrosirius red, and SHG microscopy in GBM specimens (Fig. 1C  and D, Supplemental Fig. 1 ). As in the control, collagen was better visualized with Picrosirius red and SHG microscopy.
After demonstrating that collagen was present and could be directly visualized in GBM specimens, GSC lines that form more focal tumors (12.1 GSC and 22 GSC lines), and highly invasive tumors (44 GSC and 107 GSC lines) were orthotopically implanted into NOD SCID mice for tumor xenograft formation. There was no difference in proliferation rates between focal and invasive GBMderived xenografts. 34 Five-micron-thick tumor xenograft sections were imaged using Picrosirius red. Collagen in focal tumors was found at the border of normal brain and tumor and appeared to encapsulate the tumor. In contrast, collagen observed in invasive tumor xenografts appeared intertwined within the tumor (Fig. 2A) . Visualized collagen fibers were extracted and analyzed for fiber width, angle, length, and straightness using CT-FIRE software.
The mean values of collagen between focal tumors (12.1 GSC and 22 GSC lines) and invasive tumors (44 GSC and 107 GSC lines) were determined and compared. Collagen fiber width, angle between fibers, fiber length, and fiber straightness were binned, and the relative frequency for each bin and mean values for each variable were determined. Comparison of focal and invasive tumors showed significant differences in fiber width, angle between fibers, and fiber length and straightness of collagen fibers between the two groups. The mean collagen width for focal tumors was 2.85 ± 0.02 mm compared with 2.35 ± 0.01 mm for invasive tumors. The mean angle between collagen fibers for focal tumors was 64.97° ± 1.05° compared 86.78° ± 1.12° for invasive tumors. The mean length for collagen fibers for focal tumors was 32.63 ± 0.68 mm compared with 26.89 ± 0.31 mm for invasive tumors. The mean straightness for focal collagen tumors was 0.943 ± 0.001 compared with 0.938 ± 0.001 for invasive tumors (a value of 1 indicates complete straightness) (Fig. 2B) . These numbers suggest that mice with focal tumors have more organized collagen, based on having collagen fibers being more aligned with one another, being longer, wider, and slightly straighter compared with mice with more (Fig. 2C) .
Organized Collagen Fibers Are Correlated With Better Patient Survival
We extended the GSC-derived xenograft observations There is a significant difference between fiber width, the angle between fibers, fiber length, and fiber straightness between focal and more invasive xenografts. C: Kaplan-Meier survival curve for focal GBM xenografts (12.1 GSC and 22 GSC lines) and invasive GBM xenografts (44 GSC and 107 GSC lines) showing a statistically significant survival difference (p = 0.0003). **p < 0.001; ****p < 0.0001.
by directly visualizing collagen in patient samples in a human GBM tissue microarray (TMA) with SHG. Two groups emerged. Patients in Group A had collagen with a typical fibrillar appearance, whereas those in Group B had collagen with an atypical fibrillar appearance represented by punctate or absent signal (Fig. 3A) . Patient punches were blindly scored, and patients in Group A demonstrated a significantly better survival probability than those in Group B (p = 0.001). The median survival of patients in Group A was 69.6 weeks (n = 74) compared with 30.4 weeks (n = 37) for patients in Group B (Fig. 3B) . Collagen fiber analysis was conducted on representative images for Group A and Group B with CT-FIRE software as previously described. 3 There was a statistically significant difference between Groups A and B for collagen angle to other fibers, with a mean angle to other fibers of 84.37° ± 7.298° and 113.2° ± 11.60°, respectively. There was also a statistically significant difference between Groups A and B for collagen length, with mean lengths of 28.86 ± 2.13 mm and 22.79 ± 1 mm, respectively. There was no difference between collagen width and straightness between the groups (Supplemental Fig. 2) . Patients in Group A had more organized collagen based on having fibers that were statistically significantly more aligned with one another and that were longer. Patients with a fibrillar signal had a median survival that was better than the overall median survival of 14.6 months (63.5 weeks) for GBM patients receiving the current standard clinical care of surgery and temozolomide chemo-/radiotherapy.
Addressing Confounding Variables for Collagen Signature With Multivariate Analysis
To address the potential confounding variables that might influence signature differences between Group A and B collagen, univariate and multivariate analyses were conducted. Patient sex, age, KPS score, temozolomide treatment, radiation treatment, tobacco use, and alcohol use were all assessed as potential confounding variables. Univariate analysis on the aforementioned factors was conducted to determine which factors influence patient survival rates. There was not a statistically significant difference in survival based on patient sex or alcohol use; however, there was a statistically significant difference in survival based on patient age (p = 0.002), KPS score (p = 0.023), temozolomide treatment (p = 0.000), radiation treatment (p = 0.000), and tobacco use (p = 0.008). Multivariate survival analysis using Cox's regression model was used to determine whether collagen signature is an independent biomarker for survival taking into account patient age, KPS score, temozolomide treatment, radiation treatment, and tobacco use. Based on multivariate analysis, collagen signature is an independent marker for GBM patient survival, with Group A having a statistically significant better survival compared than Group B (p = 0.032) ( Table 1) .
Discussion
GBM is a devastating disease with a median survival of less than 2 years. While collagen gene expression has been reported as being upregulated in GBM, direct visualization of collagen architecture and its role in patient survival have not been reported. We demonstrated that collagen architecture can be directly visualized in GBM specimens with both Picrosirius red and the new technique of SHG microscopy in the brain. We also demonstrate that the collagen structure is different in focal tumors from that in invasive tumors. Focal tumors have more organized collagen based on collagen fibers being more aligned with each other, longer, and slightly straighter and having a greater width. While it is difficult to know whether collagen causes a more invasive tumor type or that more invasive tumors produce different collagen variations, our data also suggest that collagen signature is correlated with survival. Patients harboring GBMs with the more organized collagen (Group A) had a longer survival than those with GBMs with less organized collagen (Group B). Patients in Group A had GBM collagen similar to those observed in focal GBM xenografts, while patients in Group B had GBM collagen that more closely resembled more invasive tumors. Focal tumors and patients in Group A had more organized collagen, since observed collagen fibers were more aligned with each other based on the collagen angle between fibers and the fact that their fiber length was also longer than that in invasive tumors and patients in Group B. This suggests that fibrillar collagen is associated with a benefit for GBM patients. Collagen fibers were significantly wider in focal than in more invasive GBM xenografts, even though the greater fiber width in the fibrillar GBM was not statistically significant compared with the punctate signature fiber width. While the differences noted in collagen architecture changes are small, they are significant. In breast cancer, small but statistically significant changes in collagen alignment have been shown to promote tumor invasiveness and to be a prognostic marker.
6,21 Alteration of collagen structure too much would probably result in a nonfunctioning protein.
Collagen typically forms a stiff ECM. Observations that the tumor is stiffer than the surrounding brain parenchyma and that cancer cells typically invade between boundaries of stiffness, such as white matter tracts and blood vessels, are seen in gliomas. 25 Research has shown that collagen gels, in vitro, can influence glioma cell migration. 25, 33 Other evidence suggests that collagen scaffolding occurs in concert with an angiogenic shift that accompanies faster tumor growth in gliomas. 17 These previous studies and our results (collagen differences seen in focal and fibrillar versus more invasive and punctate/nonfibrillar GBM) suggest that collagen may influence GBM cell invasion of surrounding brain parenchyma, and that fibrillar collagen may act as a barrier to tumor invasion. Collagen barrier disruption may result in tumor invasion. GBM cells might remodel their microenvironment through collagen degradation, collagen synthesis, or exert physical forces on collagen to alter collagen structure and cause tumor invasion. Conversely, other stromal cells in the tumor's vicinity might influence collagen production similarly to collagen production in wound healing.
Our data cannot determine exactly which collagen subtypes are involved in the GBM progress. SHG microscopy only picks up on fibrillar collagens (I, II, III, V, XI, XXIV, and XXVII), 1, 9, 14, 32 and Picrosirius red has been shown to detect similar collagens (I, II, III, and V). 7, 11 Although it is possible that the collagen detected in GBM is related to increased tumor angiogenesis, it is unlikely since neither SHG nor Picrosirius red under birefringent light detect collagen type IV, the major collagen seen in blood vessel basement membranes. Furthermore, collagen is not seen in regions of blood vessels observed on H & E-stained slides. This suggests that the fibrillar class of collagen plays an important role in GBM progression and should be further investigated.
Our data also suggest that collagen may be a potential survival marker for patients with GBM. TMA sections were chosen as the most representative of individual patient GBM specimens; however, these punches represent only a small piece of the tumor. Use of SHG analysis may overcome these problems in the future by providing the unique ability to image collagen directly in intact tissue, 21 without having to stain tissue. SHG imaging can also be performed rapidly on pathology slides previously examined using standard immunohistochemical methods. SHG microscopy also enables live imaging of cells and animals, deep tissue imaging, and imaging of paraffin-embedded slides with minimal photobleaching and phototoxicity. 22 While the tumor is being removed in the operating room, tumor from different regions can be examined with SHG microscopy intraoperatively to survey the entire GBM (unlike current GBM analysis that is predicated on a small portion of excised tumor). SHG microscopy could be used to examine tumor heterogeneity and account for possible sampling bias of current clinical analysis and tissue microarrays. While SHG technology can provide insight into GBM progression, multiphoton microscopes are costly and could limit the number of facilities that can do this analysis in house. For samples that can be processed with histopathological approaches, Picrosirius red might provide an accurate and cost-effective strategy for looking at collagen alignment.
Tumor cells are frequently left behind despite maxi- mal safe resection, contributing to tumor recurrence in the majority of patients. While more studies need to be conducted, the correlation of focal tumors with fibrillar collagen signature and invasive tumors with punctate collagen signature suggests that collagen signature might also be correlated with tumor invasion and useful to optimize surgery. Furthermore, GBM classification is changing with new data revealing individual patient heterogeneity of these tumors. Collagen may be used as part of a new classification system of GBMs in the future to aid patients and physicians with better understanding of prognosis and individualize treatments. Understanding the role of collagen in GBM may lead to better therapeutic targets as well. Drugs that target the tumor microenvironment, such as COX-2 inhibitors, have therapeutic advantages in GBM. 28, 31 Thus, drug development targeted at increasing collagen production or related mechanisms may improve patient survival.
As the role of collagen alignment in GBMs becomes better understood, future research on detection approaches that are compatible with medical imaging need to be pursued. Optical imaging is currently necessary to detect the high-resolution changes we report in GBM collagen architecture. While there are possible future avenues to explore in optical brain imaging that could clinically detect collagen such as optical coherence tomography and endoscopy, potential use of lower resolution but deeper imaging approaches such as ultrasound to examine bulk collagen density is also being explored. 23 This study provides some insight into the different collagen topologies in GBM and their correlation to GBM patient survival; however, further research is required to elucidate the mechanisms determining collagen's role in GBM is the necessary next step. While we have considered some of the confounding variables that influence GBM survival, there are likely others that may play a role. For instance, we cannot readily discern the patient subgroups presenting with images showing radiologically less invasive or more invasive patterns. Analysis with current and possibly more advanced clinical imaging to determine clinically useful and relevant parameters in the context of collagen classification might further increase the validity of collagen as a clinical biomarker and link it to known GBM biomarkers such as MGMT methylation and IDH mutation status. Additionally, a limited panel of patientderived glioblastoma cancer stem cell-generated xenografts were used as an initial screen for possible collagen differences in GBMs in different patients. The observed collagen difference in more focal versus more invasive GBM xenografts suggests that more mechanistic studies with a large number of patient-derived lines will be useful to robustly determine the signaling or biomechanical properties that underlie those differences. Further investigations of collagen changes over temporal and spatial tumor heterogeneity are also interesting and planned. Planned future studies using chemical or genetic strategies to alter collagen expression and structure are important to determine how collagen architecture could affect GBM tumorigenesis and clinical outcomes. Our study is the first to correlate fibrillar collagen with patient survival and is an important initial step to understand how collagen is associated with clinically relevant GBM biology.
Conclusions
More organized collagen is associated with less invasive GBM xenografts and longer patient survival. These findings suggest that collagen is important for GBM progression and may be a useful survival marker for patients.
